Introduction
Accurate estimation of sample sizes required in a genetic association study is essential before commencing genotyping, to ensure that the study is sufficiently powered to detect the subtle genetic effects that contribute to most complex diseases. Several methods have been developed to assess the power of genome-wide association studies using contrasting study designs [1] [2] [3] [4] [5] [6] . However, most power calculations assume the simplest genetic model of a single diallelic disease mutation which is genotyped to test for association. Complex disease studies have revealed this to be a simplistic assumption. The extensive genetic variation and complex linkage disequilibrium (LD) across even a small genomic region gives rise to several alternative scenarios.
The simplest scenario is when a single functional variant is tested directly for association. (We will use the term disease susceptibility mutation (DSM) for such a variant, regardless of its frequency.) However, an alternative marker in LD with the true mutation may be tested (rather than the disease mutation itself). This may arise because the susceptibility mutation is not detected by initial polymorphism screening, or is not tested due to genotyping constraints. In this case, the genotyped marker will have reduced power to detect association, depending on the extent of LD between the tested marker and the true mutation. The situation is further com-plicated by several disease susceptibility mutations existing within the same genetic region -this is common in Mendelian diseases, and examples of this also occur in complex diseases including NOD2 (CARD15), a susceptibility gene for Crohn's disease [7] [8] [9] , PTPN22 , a susceptibility gene for rheumatoid arthritis [10] , and DISC1 mutations in bipolar spectrum disorders and psychotic phenotypes [11] . For detecting association in a complex disease, if one DSM is tested, other mutations may lie on a haplotype with the observed wildtype allele and dilute the effect of the tested marker. Alternatively, the tested marker may not contribute directly to disease susceptibility but is in varying degrees of LD with each of the DSMs.
In this paper we derive the equations required to estimate power and sample sizes required for association studies based on case-control and transmission disequilbrium test (TDT) designs, exploring different scenarios of one or two DSMs in the gene, and the genotyped marker being a DSM or a marker in LD with the DSMs. This work follows on from the methods of Camp [2] without the assumption of independence between parental genotypes in TDT trios. Sample sizes required for sufficient power to detect association are calculated for the TDT and compared with those required for a case-control study. For allelic heterogeneity, calculating LD between two DSMs and the tested marker loci becomes algebraically intractable. We therefore simplify the model, assuming that the two DSMs do not occur on the same haplotype and therefore only three haplotypes exist. This arises in NOD2 and PTPN22 , and data from these genes are used to demonstrate the effect of multiple mutations and LD on the required sample sizes for TDT and casecontrol association studies.
Methods
Here, we define four different scenarios, which incorporate direct testing of a single disease locus as well as the presence of multiple disease mutations and testing of a marker in LD with the DSM(s) ( fig. 1 ) .
For a disease with prevalence K, consider a diallelic locus D which is directly associated with disease where the disease susceptibility allele D and wild-type allele d occur with frequency p D and p d respectively. Mutation-specific disease penetrances are defined by f DD , f D and f d as the probability of disease for genotypes DD, Dd and dd [2] . Then the genotype relative risk (GRR) is defined as GRR i , the relative risk to an individual carrying i copies of the D allele compared with an individual carrying none, so that
Three common genetic inheritance models (multiplicative, dominant and recessive) are assumed. The additive linear model is not discussed here, since for low GRRs ( ^ 4), results are similar to those for the multiplicative model. Model-specific GRRs are specified for a background disease risk, ␣ ( ␣ 0 0), and a genetic relative risk, ␥ ( ␥ 6 1) ( table 1 ) . We note that comparison of models with the same GRR values but different allele frequencies will result in different implied sibling relative risks [12] . Assume that N complete trios with two genotyped parents and a single affected offspring (SAO) are collected for a TDT association study. Sample sizes for the TDT can be derived under each of four alternative scenarios of linkage disequilibrium and genetic variation, as described in figure 1 . The derivation of sample sizes follows a similar pattern under each scenario. This is outlined for scenario S1, assuming that a single DSM is genotyped. Corresponding equations required for the calculation of sample sizes under scenarios S2, S3 and S4 are shown in table 2 . All calculations of sample size shown here assume neutral selection of alleles, no genetic drift, random mating within the population, no phenocopies and markers in Hardy Weinberg equilibrium in the population, factors which are known to affect the power of the TDT [13] . 
Fisher /Lewis Components required for calculation of sample size for a tested marker which is (S1) a single disease susceptibility mutation (DSM); (S2) in LD with a single DSM; (S3) one of two DSMs; (S4) in LD with two DSMs P(parent heterozygous where 
S1: Genotyped Marker Is Single Disease Susceptibility Mutation
First, we calculate the probability that a parent of an affected offspring is heterozygous (Dd) [2] :
where the probability that a child is affected, P(SAO), is given by the population prevalence of disease:
The probability that a heterozygous parent transmits allele D to the SAO can be similarly derived [2] : 
This parameterisation uses genotype relative risks which are unknown and cannot therefore be used in the test statistic to perform the TDT. In contrast, the parameterisation of Camp [2] is a function of allele frequencies only, which are known and can be used in the TDT statistic. Our current method estimates the power of the test more accurately, particularly for low frequency alleles and for large GRRs where the difference in sample size between the two methods is typically two-fold [3] . From the probability distribution of B ij , the expectation and variance of B ij under both the null hypothesis (H 0 : no linkage or no association) and the alternative hypothesis (H 1 : linkage and association) can be derived: as the sum of parental genotypes/allele transmissions over all families ( i = 1 to N ) and parents ( j = 1,2). Under the null hypothesis, parents are independent between and within families, and N families contribute 2 N independent observations of B ij , so that
Under the alternative hypothesis the expectation of B is 
where, for genotypes W, Y, Z, and alleles A, B, In order to obtain the variance of B, note that parents within a family are not independent given that they have a SAO, and therefore
The variance of B can be thus derived from the probability distribution of B i1 B i2 with no assumption of independence between parents:
Applying the central limit theorem gives the distribution of B under the null and alternative hypotheses as:
D is the variance of a single observation of B ij under H 1 . Thus, from normal distribution theory, the number of families, N , required to obtain (1 -␤ )% power is
where z 1-␣ is the percentage point of the normal distribution corresponding to the two-sided significance level, ␣ , and z ␤ is the one-sided percentage point of the normal distribution corresponding to 100(1 -␤ )% power.
S2: Genotyped Marker M Is in Linkage Disequilibrium with a Single Disease Susceptibility Mutation
Now consider a diallelic marker, M which is tested for association and which does not contribute directly to disease susceptibility, but is in linkage disequilibrium with a single disease susceptibility locus, D . At marker M , alleles M and m occur with frequency p M and p m . Here, only parents heterozygous at marker M (the tested marker, rather than the true DSM) are informative for the TDT. In order to calculate the probability that a parent of a single affected offspring is heterozygous, a measure of linkage disequilibrium between M and D is required. This is most usefully expressed as p M ͉ D , the probability that a chromosome carries a copy of marker allele M, given that it carries disease allele D. Using the total probability rule, the probability of a single affected offspring can be further conditioned on all possible genotypes at the true DSM D :
where G is the set of all genotypes {DD, Dd, dd} at disease locus D . The probability of each genotype G given heterozygosity at marker M can be expressed in terms of the LD measure
Deriving P ( Dd ͉ Mm ) and P ( dd ͉ Mm ) similarly, the probability of a single affected offspring given one parent is heterozygous Mm can be written
The probability of a SAO depends only on the genotype at D , so P ( SAO ) = K D and thus h M can be calculated as a function of allele frequencies, linkage disequilibrium and disease penetrance parameters as previously.
After much algebra, all other expressions follow as for the single tested mutation scenario (S1) so that the number of families required to obtain (1 -␤ )% power is then given by equation (1) above, where the required components are given in table 2 . In the case that M is in perfect LD with DSM
Substituting these equations reduces the formulae to those for scenario 1.
S3: Genotyped Marker Is One of Two Disease Susceptibility Mutations
Now consider a second disease susceptibility mutation E, lying close to marker D such that mutation E only arises on a haplotype with the wildtype allele d at D . Then we can summarise each haplotype as one of three possibilities: a single observed mutation at D (denoted D), a single unobserved mutation at E (denoted E) or no disease mutations (denoted d). An observed wildtype allele at tested marker D may therefore represent a haplotype which carries the second risk mutation E. Note that E is not restricted to a single allele but may include multiple disease susceptibility mutations, or equivalently, allelic heterogeneity at a single disease locus. Single locus-specific disease penetrances are defined by f DD ,
as the probability of disease for genotypes DD, DE, EE, Dd, dE, dd respectively. Then a single genotype can be defined across the two mutations so that the observed genotypes at tested marker D are DD, DX and XX (where X denotes either the wildtype allele d or the unobserved mutation E). These three observed genotypes represent the six possible genotypes with penetrances shown in table 3 . Note that the disease risk conferred by E is not necessarily equal to that due to D.
Here, only parents heterozygous at marker D are informative for the TDT. By noting that an observed genotype DX could in fact be either of two possible genotypes (DE or Dd), we can calculate the probability of a heterozygous DX parent both unconditional and conditional on a single affected offspring:
Expressions for the probability of a parent being heterozygous DX given that they have a SAO, h DE , and the probability that a heterozygous parent transmits allele D to the SAO, DE , follow as for scenario S1. By defining a random variable B ij as previously, the expectation and variance of B under the null and alternative hypotheses are derived as for scenario S1, where h DE and DE are substituted for h D and D throughout. Note that in the derivation of Var ( B ͉ H 1 ), the transmitted allele X is defined as any allele other than D. The frequency of the transmitted allele X is therefore scaled accordingly; for example, the probability that the transmitted allele is E is:
where X denotes any allele but not D. Derivation of TDT sample sizes follows as previously, with summary equations shown in table 2 . For a single mutation D, substituting p E = 0 in all equations reduces the formulae to that for scenario S1.
S4: Tested Marker Is in Linkage Disequilibrium with Multiple Disease Susceptibility Mutations
Finally, consider marker M as defined above, which is tested for association and which does not contribute directly to disease susceptibility, but is in linkage disequilibrium with two disease susceptibility loci, D and E which occur as defined above. We impose no conditions on the extent of LD between D and M , or between E and M , or on allele frequencies at these sites. Then applying the methods described above, the expressions in table 2 can be derived. By substituting p E = 0, all equations reduce to those for scenario S2. Similarly, substituting
Case-Control Sample Sizes
For comparison with the TDT, sample sizes for a case-control association study (number of case-control pairs) are now derived for each of the four scenarios. Three commonly applied test statistics for case-control association are considered: tests for difference in (a) allele frequency (equivalent to a multiplicative model); (b) homozygous DD genotype frequency (equivalent to a recessive model), and (c) homozygous dd genotype frequency (equivalent to a dominant model). For comparison with the TDT, the optimal test (i.e. that which gives the lowest sample size) is assumed and sample sizes for this optimal test are reported.
Under a test for difference in allele frequencies in cases and controls, the sample size required for Pearson's chi-squared test, with 1 degree of freedom is [14] : 
where disease prevalence, K D is calculated as for the TDT ( table 2 ).
In the case of a second unobserved mutation E in addition to genotyped mutation D, six possible genotypes (dd, dD, dE, DD, EE, DE) are included in the calculation of disease prevalence, K DE as for the TDT, although these actual genotypes correspond to only three observed genotypes ( table 3 ) from which the frequency of the tested mutation D in cases is derived. The sample size can then be calculated as for the single tested mutation.
For marker M tested in the presence of multiple disease loci, equations for genotype frequencies at M in cases follow by similar methods, where K DE is substituted in place of K D . For both TDT and case-control studies, unless stated otherwise, sample sizes required to provide 80% power to detect association are calculated assuming a nominal level of significance ( ␣ = 0.05). All calculations are performed using R v2.2.2 for Windows (http://www.r-project.org).
Examples in Complex Disease: Crohn's Disease and Rheumatoid Arthritis
The methods described above are implemented for two genes, NOD2 and PTPN22 , which have been shown to contribute multiple risk mutations to Crohn's disease and rheumatoid arthritis respectively. NOD2 genotype relative risks for Crohn's disease estimated previously in our UK study were used [15] . Population allele frequencies and LD measures were estimated from NOD2 genotypes in 687 population controls from the 1958 British Birth Cohort (National Child Development Study: http://www.cls.ioe. ac.uk) and from Guy's Hospital, London [15] . LD was calculated from haplotype frequencies, estimated in Haploview [16] . All PTPN22 allele frequencies, linkage disequilibrium and genotype relative risks were extracted from tables of previously published results [10] . Unless stated otherwise, sample sizes are derived for a single test of association ( ␣ = 0.05) with no correction for multiple testing incorporated. All analyses are implemented in R v2.2.0 for Windows.
Results
Where a single disease mutation D exists and is genotyped, sample sizes required for 80% power to detect association were calculated for a range of genotype relative risks {4, 2, 1.5} and susceptibility allele frequencies {0.01, 0.05, 0.1, 0.2}. Sample sizes for TDT and case-control studies (expressed as the total number of individuals to be genotyped) are shown in table 4 . Sample sizes required for the TDT are greater than for a case-control study, irrespective of GRR or allele frequency. For a nominal level of significance, sample sizes are generally feasible ( ! 1,000 trios) for allele frequencies 1 10% for all models except recessive. For a recessive model, sample sizes increase substantially for rare allele frequencies or low genotype relative risks such that for a GRR of ^ 2 and an allele frequency of ^ 10%, several thousand TDT trios would be required for sufficient power to detect association. The equivalent scenario for a case-control study would require more than 2,500 case-control pairs. Allowing for multiple testing of ten SNPs as might typically be the case in a candidate gene study ( ␣ = 0.005), an approximately two-fold increase in sample size (number of genotypes) would be required than for a single test; this increase is fairly constant across genetic models. The corresponding increase in sample size for 100 tests ( ␣ = 0.0005) compared with a single test is approximately three-fold, or six-fold for a genome-wide test of association ( ␣ = 5 ! 10 -8 ).
For a nominal level of significance, the relative increase in the number of genotypes required for the TDT is less than 1.3-fold that for a case-control study for the multiplicative genetic model, with little variation across allele frequencies and GRRs. Under a dominant model, the relative difference between TDT and case-control sample sizes increases as the disease allele frequency increases. This difference is greatest for high GRRs; for example, if the disease allele frequency is 0.2 and the GRR for carriers of the mutation is 4, the TDT would require 108 genotyped individuals compared with 70 required for a case-control study. For common risk alleles ( 1 50% frequency), the relative increase is much higher. For example, if the disease allele frequency is 0.8 and the GRR for carriers of the mutation is 4, the TDT would require 4,515 genotyped individuals compared with 872 required for a case-control study, a 5-fold increase in sample size. Under a recessive model, the sample size required for the TDT is generally much higher than a case-control study, with the highest TDT:CC ratio for low allele frequencies and small GRRs, although for susceptibility genes of such weak effect, even the case-control sample size required is beyond the resources of most studies. The increased number of TDT trios is partly due to the test statistics used: the case-control test is maximised over multiplicative, dominant and recessive models, while the TDT test assumes a multiplicative model, and equivalent tests for other models were not applied [17] , as reflects common practice with the TDT. For a tested marker in LD with a single disease mutation, sample sizes for the TDT and case-control study are shown in figure 2 for GRR = 4, a mutation occurring with For a tested mutation D in the presence of a second (unobserved) mutation E (or group of mutations), TDT and case-control sample sizes are calculated for tested mutation frequencies of 0.01, 0.05, 0.1 and 0.2, allowing for a second mutation with a frequency ratio of 1: 2, 1: 1 and 2: 1 compared with the tested mutation. For example, given a tested mutation frequency, p D of 0.1, sample sizes are calculated for unobserved mutation frequencies p E = {0.05, 0.1, 0.2}. Sample sizes for the TDT are shown in table 5 .
For multiplicative and dominant models, the sample sizes required for 80% power to detect association increase as the frequency of the second mutation increases. This increase is highest for common tested alleles and a high GRR. For a single tested mutation of 10% frequency and a multiplicative genetic model with GRR = 2, 339 TDT genotypes (113 trios) are required. If this combined mutation frequency of 10% is distributed between two (or more) alleles, the sample sizes can increase substantially. For example, given two mutations of equal frequency ( p D = p E = 0.05), testing one of these mutations would require 729 genotypes (243 trios). A tested mutation of 7.5% ( p D = 0.075, p E = 0.025) would require 468 genotypes (156 trios) compared with 1,509 genotypes (503 trios) required if the rarer mutation was tested ( p D = 0.025, p E = 0.075). Under a recessive model and for moderate frequencies of the second mutation, sample sizes are lower than for a single tested mutation. For example, if the frequency of the tested mutation is 5% and the GRR is 4, then using the TDT, a single tested mutation requires 19,209 genotypes (6,403 trios) compared with 3,255 genotypes (1,085 trios) when a second mutation of 10% frequency is present.
These results imply that the sample sizes required to detect association may be substantially underestimated if a single disease mutation is assumed when allelic heterogeneity exists. In the presence of additional mutations, the relative increase in the sample size required for the TDT compared with a case-control study is generally similar to that required for a single tested mutation. In- terestingly, under a recessive model, for common tested allele frequencies and as the relative frequency of the second mutation increases, a test for difference in allele frequency between cases and controls is a more powerful test than the usual test for difference in the frequency of mutation homozygotes.
Application to Crohn's Disease Susceptibility Locus NOD2
Three rare NOD2 mutations (L1007fs, R702W, G908R), all with frequency ! 5% in controls, have been identified as contributing directly and independently to Crohn's disease susceptibility [7] [8] [9] . A fourth, common, non-synonymous SNP (P268S) (frequency 26%) also showed an association with disease [7, 15] . However, each rare mutation usually occurs on a common haplotype background containing 268S and the association with P268S was due to the LD with each of the rare mutations [15] .
In this example, P268S is equivalent to tested marker M in strong LD with each of three rare disease susceptibility mutations (L1007fs, R702W, G908R), as in scenario S4. Estimated minor allele frequencies were 1.7% (1007fs), 4.8% (702W), 0.95% (908R) and 26.0% (268S). Pooling each of the three mutations into a composite NOD2 disease susceptibility mutation, Pr(268S ͉ DSM) = 0.89. Each of the rare mutations has been shown to confer similar risk of disease and for simplicity, we will assume equal genotype relative risks of 3.0 for individuals heterozygous for a rare mutation and 23.4 for individuals who are homozygous (carrying two copies of the same mutation) or compound heterozygous (carrying two mutations but with a different mutation present on each chromosome) [15] .
TDT and case-control sample sizes were calculated assuming the tested mutation to be: (i) a single mutation (for each risk mutation individually and for the pooled NOD2 DSM); (ii) one of two mutations, where the second mutation is defined by the pooled alleles of the remaining two risk mutations (for example, L1007fs tested in the presence of pooled 702W/908R risk alleles), and (iii) a marker (P268S) in LD with the pooled NOD2 DSM.
Sample sizes estimated to detect each single mutation (ignoring the presence of other mutations) ranged from 307 trios (or 384 CC pairs) required for the rarest SNP (G908R) to 52 trios (62 CC pairs) required for the more common SNP (R702W). However, if the sample sizes to detect association are correctly calculated by modelling the other two pooled mutations, the required sample sizes decrease, indicative of the moderate heterozygous risk (GRR 1 = 3.0) and high homozygous risk (GRR 2 = 23.4), which tends towards a recessive mode of inheritance. The greatest relative difference in sample size (compared with the assumed absence of other mutations) is observed for G908R in the presence of 1007fs/702W, for which 274 trios (344 CC pairs) would be required to detect an association. If a surrogate marker could be identified with frequency equal to the pooled frequency of all three SNPs and in complete LD, the sample size would reduce to just 32 trios (37 CC pairs). Direct testing of P268S would require a modest sample size of 106 trios (131 CC pairs). This illustrates the power of a common tagging SNP to detect association in the presence of allelic heterogeneity, provided the LD pattern of multiple alleles is consistent, with mutations all existing on haplotypes with the same allele of the tagging SNP.
Application to Rheumatoid Arthritis Susceptibility Locus PTPN22
A non-synonymous mutation in the PTPN22 gene, R620W, is associated with several autoimmune diseases including rheumatoid arthritis [18] [19] [20] . A detailed haplotype analysis of this gene in two large independent casecontrol cohorts revealed that at least one additional PTPN22 variant contributes to RA susceptibility [10] and multiple associated PTPN22 haplotypes have also been described in Type I diabetes [21] . Specifically, two individual haplotypes (H2 and H4 as defined by Carlton et al.) were identified which increased risk of RA, whereby 620W occurred uniquely on H2, and H4 could be defined by the rare allele at any of three SNPs (denoted SNP15+, SNP36+ and SNP37+) ( table 6 ). Several other SNPs showed association with RA including SNP2, SNP27 and SNP35. However, these were in strong LD with H2 and/or H4, resulting in an indirect association. Here, SNP27 is in complete LD (D = 1) with both R620W and SNP37 and thus presence of either 620W or SNP37+ indicates the presence of SNP27+ also. Of haplotypes carrying the minor allele at SNP27 (T), 67% carry either 620W or SNP37+. SNP2 (or SNP35) demonstrates a more complex picture, where 620W occurs on the same haplotype with SNP2+, but SNP37+ lies exclusively on a haplotype with the wildtype allele of SNP2. Pooling both sample sets from Carlton et al. [10] If 620W were assumed to be a unique DSM in the PTPN22 gene contributing to disease susceptibility, then power calculations would estimate 140 TDT trios or 166 case-control pairs required for 80% power to detect an association. However, in the presence of an additional DSM (SNP37+), the true sample size required increases to 194 trios or 232 CC pairs. Conversely, if SNP37 was tested for association in the presence of 620W, 1,528 trios or 1,939 CC pairs would be required, compared with 507 trios or 644 CC pairs if SNP37 was a single DSM. Although 620W occurs at lower frequency than SNP37+, the smaller sample sizes required are due to the higher genotype relative risks associated with R620W (H2).
The more common SNP27, with a frequency of 41%, defines a set of haplotypes (H1-H4) which includes both DSMs (620W, SNP37+). Testing this common SNP for association would require considerably smaller sample sizes (44 trios or 71 CC pairs) for equivalent power, demonstrating that direct testing of either of the two causal mutations is not necessarily the most powerful test. In contrast, direct testing of SNP2 would require 1,428 trios or 6,550 CC pairs as SNP37+ occurs with the wildtype allele of SNP2 and therefore dilutes the effect of 620W. As in NOD2 , genotyping a common SNP with a consistent pattern of LD for the mutations (SNP27) decreases the sample size required, but genotyping SNP2, where the mutations at R620W and SNP37 are carried on different haplotypes, increases the required sample size considerably.
Discussion
In this study, the methods of Camp [2, 3] to calculate sample sizes for the TDT under a range of genetic models have been extended to allow for linkage disequilibrium between a tested marker and the true disease susceptibility mutation. The methods described here overcome previous assumptions of independence of parental genotypes, and have also been extended to allow for multiple disease susceptibility mutations. We have implemented the model parameterisation suggested by Risch and Merikangas [1] which estimates the power of the TDT more accurately than that used by Camp [2, 3] . These equations enable accurate estimates of sample size to be made, to ensure that association studies are adequately powered in realistic genetic scenarios, not only in the most simplistic case of genotyping a single DSM. R programs for sample size calculation under each of the four scenarios are available from the authors upon request.
Several other approaches have been used to assess the power of the TDT [4] [5] [6] [22] [23] [24] . In particular, the power of the TDT in the presence of allelic heterogeneity was first considered by Slager et al. [22] who used a similar approach to that implemented here, although with a parameterisation similar to that of Camp [2] . The most generalised method to date is that proposed by Chen and Deng [25] , whose approach incorporates both LD and allelic heterogeneity whilst allowing for families with a number of affected and unaffected sibs as well as affection status of parents. However, the computer program 'TDT Power Calculator' implementing their method does not allow for allelic heterogeneity, and covers only scenarios S1 and S2. Our development therefore provides users with a straightforward method to assess sample size under complex association models.
Allelic heterogeneity can substantially increase the sample sizes required to detect association, although the presence of several disease mutations may increase power when the underlying genetic inheritance model is recessive. A single disease mutation with a recessive mode of inheritance will typically require infeasible sample sizes, particularly if the mutation occurs at low frequency. Therefore, the increase in power which may occur in the presence of several disease mutations acting in a recessive manner is reassuring and provides hope that the identification of, in particular, low frequency genetic variation of moderate or weak effect may be less difficult than previously thought. Our model of allelic heterogeneity is limited to two DSMs being in complete LD, so that only three of the possible four haplotypes arise for the loci (although no such condition is imposed on LD between the tested marker and either DSM). The limitation is imposed for tractable algebraic manipulations, and fits the current data on NOD2 and PTPN22 well. It may also apply to other complex disease associations, particularly as co-occurrence of two rare mutations will be infrequent, and may be ignored to give an adequate approximation for sample size estimates.
The application of the methods to NOD2 and PTPN22 demonstrates the complexity of the design and interpretation of results from association studies. It is clear from these results that the most powerful method of association testing may not be obtained from direct testing of single disease mutations. Alternative methods include simultaneous testing of several alleles or 'omnibus' tests [26] . The value of haplotype analysis is well-documented and can be more powerful than single marker tests [27, 28] , particularly in the presence of multiple disease susceptibility alleles [29] . However, these methods are often restricted to common tagging SNPs and the pooled frequency of rarer mutations may still be considerably lower than a tested haplotype resulting in lower power to detect association. Thus weak association observed with individual SNPs or haplotypes may in fact be indicative of multiple unobserved disease mutations in LD with the tested SNP. Caution is therefore advised before discarding positional and functional candidate genes in which weak association is observed with common non-coding SNPs or haplotypes.
Here, allelic heterogeneity is restricted to two susceptibility mutations; however, these methods are easily extended to include additional mutations with complex LD relationships. In the presence of allelic heterogeneity, multi-allelic methods may be more powerful. For example, the extended TDT (E-TDT) [30] uses a logistic regression method to identify groups of alleles showing transmission distortion.
In summary, the presence of linkage disequilibrium between a tested marker and the true disease susceptibility mutation can substantially increase the sample size requirements of both the TDT and the case-control study. In contrast, the presence of multiple mutations can actually increase the power to detect association, even if some of these disease mutations are unobserved or not directly tested for association. Genetic variation across a region studied should be carefully evaluated and consideration should be given to possible LD and allelic heterogeneity when evaluating the power of an association study.
